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INTRODUCTION

It can be demonstrated(l) “that under sultable boundary condltlons, a
“post-loaded reentrant RF cavity configuration such as that shown in Fig-
ure 1 can produce an oscillating electron sheet in its gap region when
the cavity is excited by RF energy.
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Figure 1. RF Electron Gun with dc Acceleration Region

The electron sheet is highly bunched and oscillates back and forth in the
gap region at the fundamental frequency of the RF excitation. An aperture
in the upper surface of the gap permits electron bunches from the oscillat-'
ing sheet to escape from the cavity. One electron bunch is produced every
RF cycle and each bunch (when viewed from the plane of the aperture)
 represents a pulse of unidirectional RF current. Thus, RF energy which
excites the cavity is converted into electron beam energy and the cavity
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Fischer, Bates,and Hartley

configuration is, in effect, a non-thermionic source of pre-bunched elec-
trons rich in RF harmonics. If the electron bunches emerging from the gap
aperture are projected through a constant electric field region as shown
in Figure 1, they will gain kinetic energy, which by virtue of the sharp,
discrete, nature of the bunches can be converted into RF energy when the
bunches are coupled to the fields of an RF output structure.

)

MATHEMATICAL -MODEL -AND- ANALYSIS -
The physical boundary conditions necessary to generate and control ,
oscillating electron sheets in the cavity RF gap region can best be shown - /
analytically with the aid of Figure 2 which is an idealized geometrical
version of the RF gap and dc-acceleration region of the gun.
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Figure 2. Analytical Model of RF Electron Gun

.The RF gap region is modeled by two parallel planes, A, and B, with spac- |
ing, d, whose surfaces are capable of emitting secondary electrons when f
. bombarded with primary electrons of sufficient energy. An RF voltage Vef,, —————
is applied across planes A and B to generate and drive the electron sheet.: ‘
The electron bunches are permitted to escape through an aperture of area, |
‘Ag, into a constant accelerating voltage region, V,, bounded by planes B I
and C where the field imparts kinetic energy to the bunches. The accel- 0O
erated electron bunches then pass through a second aperture of area, A,
after which they can be utilized by an RF structure to convert their kinet-
ic energy into RF output energy. An initial electron with velocity, Voo
. starts out at plane A (x=0) and moves toward plane B whenever the RF fieldi
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. is in the proper direction. The acceleration of the electron at any in-

stant of time, t, is given (in M.K.S, Urits) by,

]

e r
—— = e eme—— 2 l '
— —7 sin(ut + ¢g) {1} ;

\

.where ¢ is the phase of the RF field when t = 0, x = 0; w is the angular
frequency of the RF field, and e/m is the charge~to-mass ratio of the elec-
tron. The velocity, v, of the electron at any position in the RF gap is '

_obtained by integrating Equation-{1} once-with respect to time and is
given by, B

v =§£= v + e zf {cos ¢¢ = cos(ut + b} :.__"____*_f“z_}___ﬁ_‘

oo dt m dw i

!Integrating once again with respect to time, one obtains the expression !
for the instantaneous electron position as follows,

i

\")
e rf
x=(v +—
( O m dw

e + & E : EYR
cos ¢, Jt = Tau? {sin ¢, ~ sin(wt + ¢0)} | '
i
; Equations {1} to {3} contain implicit information needed to determine :
;the conditions under which a planar RF gap region can generate and support
‘an electron sheet which oscillates between the opposing faces of the gap
.at the frequency of the drive source as shown in Figures 1 and 2. 1In con-
junction with the equations, one must use an empirically derived secondary
iemission curve (Figure 3) for the particular secondary emitters being
.employed on the gap surfaces. The figure illustrates a typical secondary
‘emission curve in which primary electrons have sufficient energy to liber-
.ate secondaries whenever their impact energy in electron volts (ev) spec-
1ified numerically by Vimp> 18 between Vi and Vyj. V; and Vyj are the unity
‘crossover points 'of the secondary emission ratio curve (ratio of second-
‘ary to normally incident primary electrons). In order for the sheet to
exist, electrons within the sheet must traverse the gap distance d, (Fig-
‘ure 2) within, or very near one-half cycle of the.drive oscillation fre-
‘quency. When the sheet arrives at plane B, electrons within the sheet
must have energies between VI and Vit when they strike, so that they can
produce secondary electrons to continue the process when the RF field re-
‘verses to draw the electrons back to plane A in the next half-cycle. t
Expressed mathematically, the transit time and impact boundary conditions
are respectively, |
t=1/w | {4}
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Vi < Vimp < Vit {5} i
for x =d {6} ‘
\ .
and v,= 0 {71 . ;
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Figure 3. Generalized Secondary Emission Curve
pﬁsing Equation {4} through Equation {7} in conjunction with Equations {2}
"and {3} , yields, the gap dimension d, consistent with the required trans-
it time condition shown in Equation {4}.

v . ‘
d—‘/m <2 - {8y

The impact voltage (Vimp) corresponding to that gap is given by, ;

2 ;
vimp = ?Vrf ‘ {9} ;
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Vimp c¢an be chosen independently from the experimental secondary emission
curve (Figure 3); in practice it is preferable to pick Vipp at the peak,

(8 max), of the curve so that the maximum number of secondary electrons are
obtained at impact each half-cycle. Once Vimp is specified, V¢ is deter-
mined by Equation {9}. The required Vi f is a function of the cavity (Fig-
ure 1) gap shunt impedance Rgh, and input drive power P4, where, A 3

2 ce :
Pd=.YLf__ {10}
Rsh '

e

Veg, therefore, can be obtained by suitable cavity design for Rgp or ad-
justment of the drive power, Pq or both. Since the shunt impedance and
drive power can be chosen independently of freguency (2), Vyf is independ- .
ent of frequency. Furthermore, the physical phenomenon of electron bunch-'
ing is not dependent_ on frequency, but is determined by the phase of the
electron leaving one surface, and the phase and energy with which it
strikes the opposite surface. The electron bunching process occurs as a
-result of the phase and energy selection of electrons existing in the gap ! . -
region. Thus, a scaled experimental model (for example 5 Gigahertz (GHz)) ,
can be designed and built to verify the foregoing analysis for millimeter | 1
wave lengths. Once the shunt impedance and drive power are specified to ’
produce the required RF voltage (V g), the gap spacing (d) is determined
by Equation {8} for any desired drive frequency, w. :

P

The cyclic electron build-up and bunching process described in the
foregoing analysis is a special case of the secondary electron resonance
phenomenon (also called multipactor) extensively described in the scien-
tific literature (see, for example, Reference 3). Equations {8} and {9}
which specify the gap dimension and the corresponding electron impact
energy (Vimp) were derived for an initial electron velocity and departure ! !
‘time of zero. In actuality, electrons are emitted over a range of depar- 1
ture times (departure angle) and arrive at the opposite gap face over a :
range of arrival times (conduction angle). The departure and arrival tlmes
‘are normally clustered about t = O and t = 7/w, respectively, for practical
‘cases. In addition, the emitted electrons have initial velocities corre- :
.sponding to energies of 0 to 30 ev (4) with the maximum number of electrons
‘emitted at approximately 2-5 ev. Iterative calculations using Newton's i
method (5), for Equations {2} and {3}, show that electrons having initial
‘energies of up to 5 ev, will have departure and arrival times which clus- .
ter about t = 0 and t = 7/w respectively. The increased initial veloci-
ties will cause corresponding increases in departure and conduction angles.
‘Experimental devices to be discussed in this report employ a gap spacing
of 0.020 inches (0.508mm), with surfaces of either silver or copper (see
Reference 4 for experimental secondary emission curves). For this gap,
calculations yield values of approximately 30 degrees for the departure
and conduction angles.
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For a gap which can support qeconddry electron resonance, the elec—
tron sheet builds up rapidly once RF power is applied (normally in less
than 10 cycles) until the space charge in the sheet becomes bounded by the
perveance of the gap (6). Perveance in this case defines the maximum peak
RF current I, (in amperes) obtainable through the aperture at plane B
(Figure 2). "The peak RF current is represented by rectangular pulses
(solid lines) as shown in Figure 4. _
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' Figure 4. Peak Currents Before and After Acceleration of
i Electron Bunches
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{
!It should be noted here that the peak RF currents and powers represented

- in Figures 4 and 5 occur at each RF cycle, and should not be confused withf

the conventional terminology which defines peak current and peak power
_produced by power bursts (pulses) containing many RF cycles. The peak RF
~current is given by,

- 2.334(10-6) =2 =5 Vpe®/? | {11}

;The peak instantaneous power in the bunch can also be represented by a
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PB in the bunch at plane B being given by,

Py = (Vipp) (Ip)

M
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rectangular pulse as shown in Figure 5 (solid 1ine),‘wfth ﬁhé_péak‘ﬁower
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Figure 5. Peak Powers Before and After Acceleration of
Electron Bunches

‘After the bunch is accelerated through the dc acceleration region to gain

energy, its peak power, PB’ (dashed line) is glven at plane C by,

Py = (Gp) (Pp)

;where Gp is the peak power gain given by,

CP=1+

imp
and the corresponding peak current gain Gy, is,

The increased peak current, IJ
dashed lines in Figures &4 an

Vo

Vimp

’ Vo
vimp

)

5 respectively.
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,and peak power, Pé,ac plane C are shown with
g For the experimental tube

~ prototype to be discussed, GI = 3,2 and G = 12.2 for V, = 1500 volts and

T T U

borecam -

. B T T

£

-+ rte e

RO v e i . A

2 e K3




ormamt.

Fischer, Bates, and Hartley

Viﬁ = 300 volts (for capper). Thus, a substantial increase injfhé kinet-
ic energy of the bunches can be obtained with a moderate accelerating dc
voltage. The average power gain Gavp produced by the dc fields is,

Vo, 1

Gayp =
P " Vimp 14 ] Vg t16)

. Vimp o
and for the prototype tube Gavp = 5.3. Figure 5 also indicates that the
average power is increased after acceleration (dottcd lines).

The peak currents -shown-in.Figure.4.can .be represented by a Fourier
series (7). For the purposes.of-this.paper, we are interested only in
the fundamental component of the RF current at plane C and its amplitude ,
Iy, is given by, ‘

- - e e PO, = 2

e Ip =16

. T e e e e e e
p sin(m ‘fl ) {17}

where Ty, is the pulse width of the current at plane C, and T is the
period of the fundamental RF drive. The ratio of the pulse width T, at
plane C, to the pulse width,t,, at plane B is,

T :
: — 1 : ;
-;l- = - {18} |
0 1 + Vo : :
vimp {

and shows the effect of the dc accelerating field (V;) on the pulse widths;
of instantaneous current and power. Neglecting RF circuit losses, one can
show that the maximum RF power gain G, ¢ (with respect to the fundamental

component) achieveable with the electron bunches is, i

A . {
1 + ° {19} :
G . = ;
: xf Vimp :
and the maximum efficiency, n, is, \
| t
1 S {20} |
n = v; o 0
1 + 2 1mp ! H
VO { :

.Thus, the maximum limitations of RF power gain and efficiency (neglecting
the RF losses in the RF input and output structures) with the gun/bunching:

configuration as shown in Figures 1 and 2, are functions of the impact i
voltage (V;,.) and the dc accelerating voltage (V,). From Equations {19} °
and {20}, it follows that in order to optimlze gain and efficiency, one |
must minimize Vimp and maximize V. vimp in practice for presently use-

_able secondary emitting materials (copper, silver, gold, platimum, magne-

sia-gold-cermets, etc.) is between 35 and 1000 ev. Power-supply/modulatori
volgggg_?;eakdown, and electron de—bunching~gonsiderations affect the X
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ey

choice of V,. In practice voltages as high as 25 kilovolts (kV) can be
easily utilized to achieve very high gain and efficiency. However it can
be shown that even voltages of approximately 5 kV will produce devices
3 having useable gain and efficiency. For example, for copper, the peak §
' in Figure 3 is approximately 1.25 at Vipp = 500 V. If one chooses Vg, =
5,000 V, the maximum achievable power gain and efficiency are 10.4 dB and
83 percent respectively.—-Note that--both maximum-gain-and efficiency are
independent of frequency and improve with the dc accelerating voltage.
In an actual device the power gain and efficiency are reduced somewhat
by the RF losses in the input-cavity-and-the RF output structure.
PRELIMINARY EXPERIMENTAL MODEL AND RESULTS
An experimental multipactor collector model shown in Figure 6 was
i designed and constructed at 5 GHz to demonstrate the RF to dc conversion :
‘ ., features ofthe theoreticaltoncept: —Initial-evaluations-using-a-contin-—
- uous wave  (CW)—tnput—power-ltevel-of-400-milliwatts (mW) produced current
- at the accelerator/collector electrode, and verified the 400 mW turn-on ;
design value. The gap in this model was 0.020 inches (0.508 mm), and the ;
- secondary emitting surfaces were silver. The input power was increased
- to 1.5 watts to obtain sufficient RF drive to perform current collection
experiments under stable conditions. The calculated current level for i
- this design was approximately 8.5 mA for a 1.5 watt input, and the exper- ;

imental value obtained was approximately 1 mA dc with a collector voltage
of 100 V dc. The lower current obtained was most likely due to the RF
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losses in the cavity, and the large amount of outgassing noticed during
operation which may have contaminated the secondary ewitting surfaces.
Pulsed drive tests were also performed, and Figure 7 shows the detected
current pulse and detected RF input pulse. The duty was maintained at low
level (<0.01) to minimize outgassing effects.

current
pulse

RF input
pulse

10 psec/div

Figure 7. Detected Current Pulse and RF Input Pulse
of Multipactor Collector Model

Again a peak current of approximately 1 mA was achieved with a peak power

input of 1.5 watts. Note that the two pulses occur simultaneously showing
that the turn-on and turn-off of the output current is controlled by the
RF input pulse.

For further confirmation of the theory, the impact voltage (Vimp) of
the electron bunches was measured by biasing the collector negative with
respect to the aperture plane until current was cut-off. The cut-off
occurred at approximately 300 volts which agrees within 10 percent of the
calculated value of 289 volts.

RF PROTOTYPE DESIGN

A new tube prototype (8) was designed, based on the encouraging re-
sults obtained with the preliminary gun model. The new 5 GHz prototype

- is shown schematically in Figure 8. The tube consists of an RF input
" cavity which generates the electron sheet. An electron beam sieve,

through which the electron bunches are driven,separates the input and out-
put cavities, The RF output cavity ingeniously combines both the RF out-
put interaction and the dc acceleration regions by virtue of an isolated
accelerator electrode which is inserted into the hollow post of the out-~
put cavity. The input and output cavities are electrically discharged
machined (EDM'ed) copper blocks as shown in Figure 9. Also shown are

the accelerator electrode and the beam sieve plate.

i
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Figure 8. Internal Configuration of 5 GHz Prototype Tube
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Figure 10 shows the input (lower),and output (upper) cavities stacked to-
gether with the accelerator electrode inserted in the output cavity. The
RF input coupling iris and the post of the input cavity are visible. Cold
tests of the RF subassembly were performed using standard network ana-
lyzer techniques to assure frequency coincidence of the input and output
cavities with the beam-sieve plate and accelerator electrode in place. A
single-hole beam-sieve plate which was described in the theory, provides
the proper aperture for the electron bunches, however, the cold tests
showed that the RF isolation between cavities was only 10 dB. In order to
improve the RF isolation a multiple-aperture beam-sieve plate, using seven
smaller holes, was fabricated and cold tests showed an improvement to 25
dB RF isolation. An RF isolation of at least 20 dB was considered impor-
tant to separate the effects of the cavities during future hot tests, and
to assure that the output power to be observed would be a function of the
RF gain mechanism, and not a function of RF leakage between the cavities.
Moreover, the multiple-aperture beam-sieve will be more effective than the
single-aperture sieve in coupling the RF fields in the output cavity to
the electron beam, since the RF fields generated between the post and
metallic surfaces of the sieve will be in very close proximity to the
electron beam. The multiple-aperture beam-sieve will also enhance the
operation of the input cavity, by providing a more uniform RF field
distribution in the gap region, than that attainable using a larger single-
aperture sieve.

accelerator
electrode

-~

?

Figure 10. RF Subassembly for 5 GHz Prototype Tube
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The RF subassembly is inserted into the center of the waveguide body,
where it is held in place by the accelerator electrode. The complete pro-
totype tube (Figure 1l1) uses standard RF vacuum connectors which are
brazed to the waveguide body at the same time the accelerator electrode,
vacuum fittings, and end plates are brazed. The tube will be capable of

L a bakeout temperature of 500°C.
accelerator B 1
electrode .
r . ;RF output
4 ; connector
RF input 5
connector {fa 1 '
onal ; !
3 R .
Ty - - £
A - ;

- :_-_sl vacuum
~ pumping

waveguide'
body

Figure 11. Complete Assembly of 5 GHz Prototype Tube

The design parameters for this tube which utilizes copper gap sur-
faces are listed below.

Frequency 5 GHz

Multipactor gap, (d) 0.020" (0.5m) - ;
Electron impact, voltage (Vimp) 300 volts ! 3
Gap RF voltage 471 volts

Accelerator voltage (V) 1.5 kv

RF gain 8.2 dB

Efficiency 70%

Input power 1.5 watts

Output power 10 watts

Volume : 15 cubic inches (250 cc)

Weight

1.5 pounds (0.7 kg)
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This feasibility prototype has been designed and fabricated to demon-
strate the formation of the electron bunches, and the gain mechanism k
generated by interaction with the RF fields. Future multi-stage models
designed around the concept will demonstrate enhanced capabilities for

specific Army system application. 1
) CONCLUSIONS
A unique electron beam bunching concept has been presented, analyzed, %

and applied to the development of a novel tube approach. The analysis
provides a design base for a new class of millimeter wave tubes. These
tubes will be compact, lightweight, reliable, and low cost due to the
simplicity of design and construction in comparison to conventional
thermionic tubes with magnets. Furthermore, the analysis shows that use-

Lo i it

by low RF drive (less than 1 watt), and that the currents generated are
useful for new tube approaches. Although experiments were conducted at

5 GHz, the results are applicable for devices operating at millimeter wave
frequencies.

§ ful RF gain and efficiency can be achieved at moderate accelerator volt- ﬂ
{ ages, which makes possible the use of simplified, low cost, lightwelight,

i power supplies and modulators. =~ T 4
i

% Theoretical considerations have been confirmed by evaluation of an ’
i experimental multipactor collector model. Furthermore, the results have

} demonstrated that the electron bunching can be generated and controlled 4
}

!

:

A 5 GHz prototype tube design has been formulated, and component
parts for the tube have been machined and cold-tested. The tube is pras-
ently being assembled for subsequent processing and evaluvation. It is
expected that this simplified, two-cavity design will demonstrate useful
gain and efficiency, and provide the technology base for developing new
tube prototypes for Army millimeter wave system applications.

\
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